pinal arthrodesis is the indicated treatment for severe or progressive spinal deformity, spinal instability following spinal decompression, spondylolisthesis, and some cases of degenerative disease. A successful outcome of surgical treatment often depends on a solid osseous fusion, and the failure of fusion (pseudarthrosis) may predispose the patient to fixation failure and pain.
Among the factors that the surgeon can control to maximize surgical success, bone graft placement at the surgical site plays an important role in generating a robust and consistent fusion. Autograft bone that is harvested from the iliac crest generally serves as the "gold standard" for spine fusion studies 1 . The harvesting of autograft bone is associated with a considerable complication rate and may prove to be a source of chronic pain in many patients 2, 3 . Allograft bone, on its own, and the variety of graft extenders currently being introduced for spine fusion, are generally unreliable for stimulating fusion without the contribution of added autograft bone. Bone morphogenetic proteins S A commentary is available with the electronic versions of this article, on our web site (www.jbjs.org) and on our quarterly CD-ROM (call our subscription department, at 781-449-9780, to order the CD-ROM). Muschler et al. demonstrated that autologous connective-tissue progenitor cells-the osteogenic stem cell precursors-can be harvested in great numbers from the iliac crest marrow and concentrated on allograft cancellous matrix to form a suitable graft substitute [5] [6] [7] . The capacity of this composite material to stimulate arthrodesis has been demonstrated in both animal and clinical models [8] [9] [10] [11] . The purpose of the present study was to determine whether the vertebral body, a hematopoietic marrow reservoir, could provide progenitor cell volumes comparable with those in the iliac crest, thus providing an additional source of stem cells for graft augmentation during spinal arthrodesis. We tested the hypothesis that the concentration and prevalence of connective-tissue progenitor cells among vertebral body aspirates would not be significantly lower than those from the iliac crest of the same individual. The potential benefit of this finding, assuming that such a reservoir was verified, would be to eliminate the need for iliac crest harvest in many cases and to provide an additional source of progenitor cells both for patients requiring extensive grafting and for those with limited cancellous volume within the pelvis.
Materials and Methods
wenty-one adult patients scheduled for posterior lumbar arthrodesis with pedicle screw instrumentation were enrolled in this prospective, institutional review board-approved study. Patients provided informed consent before being included in the study. The patients included eleven men and ten women who were scheduled to undergo lumbar surgery, with use of segmental pedicle screw instrumentation, for the treatment of degenerative disc disease or lumbar instability. Patients were excluded from the study if they had had previous iliac crest harvest, previous spinal surgery with instrumentation, or previous irradiation of either the spine or the pelvis. Patients also were excluded if they suffered from any myeloproliferative disorder or if they were being managed with chronic steroid medication, thyroxine, or chemotherapy. The mean age (and standard deviation) at the time of surgery was 59 ± 14 years (range, twenty-six to eighty-three years). A traditional bone-grafting technique provided bone as the source of fusion in these patients.
The surgical procedure was carried out in a routine fashion, as indicated for the underlying disorder, with no alteration in the surgical approach or technique. At the point of pedicle screw instrumentation, the only alteration to the usual screw insertion technique 12 was that a 2.8-mm-diameter aspiration needle was used to create the typical pilot hole for screw insertion. This needle was substituted for the blunt probe (or "gear shift") that is commonly used, but it was inserted under fluoroscopic control in the usual fashion (Fig. 1) . Previous studies have shown that the aspiration technique greatly affects the concentration of connective-tissue progenitor cells harvested from bone marrow, primarily through dilution with peripheral blood 6 . With use of an established technique that has been validated in previous studies 5, 6 , bone marrow cells were aspirated directly into 10.0-mL syringes that had been preloaded with heparinized saline solution (1000 units of sodium heparin in 1.0 mL of saline solution). A smear was made at the time of each aspiration to confirm the presence of nucleated cells and the adequacy of the aspirate.
For the vertebral bodies, 2.0-cc aliquots were aspirated at two depths-first at the pedicle-vertebral body junction (2.0 to 2.5 cm), and then deeper within the vertebral body (3.5 to 4.0 cm)-from both the left and right sides. This yielded 8.0 cc of bone marrow aspirate from each of the two vertebrae from each patient. During the same operation, eight 2.0-cc aspirates (four aspirates from each side) were obtained percutaneously from the iliac crests. Therefore, for each patient, 8 cc of vertebral body bone marrow from each of the two vertebral levels (that is, a total of 16 cc from eight samples) were matched against 8 cc of marrow aspirated from each of the two iliac crests (that is, a total of 16 cc from eight samples).
Three parameters were measured directly or calculated from the results of cell culture: (1) The number of connective-tissue progenitor cells in a sample can be estimated by counting the number of colonyforming units (CFUs) expressing alkaline phosphatase activity in culture (CFU-APs) 3 . Alkaline phosphatase is an early marker for osteoblastic differentiation of these pluripotential cells [13] [14] [15] . The heparinized marrow sample from each site was suspended in 20 mL of essential medium (Alpha-MEM; Gibco, Grand Island, New York) containing 2 U/mL Na-heparin and sealed in a test tube for immediate transport to the laboratory. Cell-count and connective-tissue progenitor cell (CFU-AP) assays were carried out without delay. Samples were centrifuged at 1500 rpm for ten minutes. The buffy coat was isolated and suspended in alpha-MEM containing 10% fetal bovine serum (BioWhittaker, Walkersville, Maryland), 50 mg/mL sodium ascorbate, antibiotic/antimycotic (Gibco, catalog #15420), and 10 -8 M dexamethasone. The number of nucleated cells in each aspirate was then counted.
Each sample was placed into culture in four wells (two dual-chamber slides [Lab-Tek, Rochester, New York]) for connective-tissue progenitor cell assay on Day 6. Cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 in air. Medium was exchanged after twenty-four hours and then again on Day 3. Alkaline phosphatase staining was carried out on Day 6 by rinsing cell layers twice with calciumand-magnesium-free Hank's balanced salt solution (Gibco) and incubating them for thirty minutes with 120-mM Tris buffer (pH 8.4) containing 0.9-mM naphthol AS-MX phosphate and 1.8-mM fast red TR. After incubation, the cultures were washed in deionized water. The number of CFUs (eight or more cells in cluster) expressing alkaline phosphatase activity (CFU-APs) provided a quantitative measure of the prevalence of connective-tissue progenitor cells obtained from the vertebral body relative to depth of aspiration, vertebral level, age, and gender, as compared with the iliac crest standard. The total number of connective-tissue progenitor cells was defined as the maximal count of CFU-APs seen on Day 6 after plating.
Each outcome value (the total number of nucleated cells and the prevalence of connective tissue progenitor colonies in the sample per million nucleated cells) was summarized as a mean, median, and standard deviation. Because the data did not provide a normal distribution, a log transformation was applied to normalize the data and to eliminate the positive distribution skew noted in previous analyses 5 . The resulting variables have a normal distribution and can be analyzed with analysis of variance methods. Previous studies have shown that the number of nucleated cells per 2 cc aspirate from the pelvis is about 50 to 150 million 6, 7 . The prevalence of connective-tissue progenitor cells (clusters of eight or more cells demonstrating alkaline phosphatase expression) is usually in the range of twenty to sixty connective-tissue progenitor cells/million cells. Data were analyzed relative to gender, age, the site of harvest, and the depth of harvest within the vertebral body. Pearson correlation coefficients were calculated for these specific comparisons. The level of significance was set at p < 0.05.
Results

Nucleated Cell Count
he total number of nucleated cells per 1.0 cc of aspirated marrow was consistently higher in the vertebral aspirates as compared with paired iliac crest specimens, but the differences were not significant. ) for iliac crest aspirates (Fig. 2) . The cell count for vertebral body aspirates was, on the average, about 24% higher than the paired iliac crest values (p = 0.05). While there was variation from pedicle to pedicle, the largest variations in cell count were related to interindividual differences.
While there was no significant age-related decline in cellularity for the aspirates from either the vertebral body or the iliac crest, such a trend was suggested (p = 0.10) for the iliac crest specimens. With the numbers available, there was no significant contribution to variation with respect to gender (p = 0.62), depth of harvest (p = 0.13), or side of the vertebral aspirate (p = 0.30) when analyzed separately.
T Fig. 2 Plots showing the mean nucleated cell concentrations in the vertebral aspirates (Vert Asp) and iliac crest aspirates (IC Asp) for the twenty-one patients in the study.
Prevalence of Connective-Tissue Progenitor Cells
With the numbers available, there were no significant differences in the prevalence of connective-tissue progenitor cells (CFU-AP/10 6 nucleated cells) in relation to vertebral body level (Fig. 3) . A mean of 19.62 connective-tissue progenitor cells (median, 16.0 connective-tissue progenitor cells; interquartile range, seven to seventeen connective-tissue progenitor cells) were identified per one million nucleated cells aspirated from the vertebral body. This value compared favorably with, but was not significantly better than, the mean of 17.76 connectivetissue progenitor cells (median, 12.0 connective-tissue progenitor cells; interquartile range, six to twenty-four connective-tissue progenitor cells) per million cells that were isolated from the iliac crest. The prevalence of connective-tissue progenitor cells in the vertebral body was a mean of 31% higher (95% confidence interval, 12% lower to 53% higher) than that in the paired iliac crest samples (p = 0.17) after adjusting for side, gender, and age. With the numbers available, there was no significant difference in marrow connective-tissue progenitor cell prevalence relative to side, depth of aspiration, or gender. On the average, the prevalence of connective-tissue progenitor cells in the deep pedicle aspirates was 22% higher (95% confidence interval, 10% lower to 54% higher) than that in the superficial pedicle aspirates, but the difference was not significant (p = 0.20) after adjusting for gender and side.
Concentration of Connective-Tissue Progenitor Cells
The concentration of osteogenic connective-tissue progenitor cells was calculated for each sample as the product of the nucleated cell count and the prevalence of osteogenic connective-tissue progenitor cells. Aspirates of vertebral marrow demonstrated similar or greater concentrations of connective-tissue progenitor cells compared with aspirates from the iliac crest (Fig. 4) . The results of 168 aspirations from forty-two vertebral bodies revealed a mean of 465.67 ± 434 connective-tissue progenitor cells/cc of marrow (median, 248 connective-tissue progenitor cells/cc of marrow; interquartile range, 109 to 526 connective-tissue progenitor cells/cc of marrow), whereas the results of 168 aspirations from the iliac crest revealed a mean of 356 ± 469 connective-tissue progenitor cells/cc of marrow (median, 181 connective-tissue progenitor cells/cc of marrow; interquartile range, seventy to 401 connective-tissue progenitor cells/cc of marrow). On the average, the concentration of osteogenic connective-tissue progenitor cells in the vertebral aspirates was 71% higher (95% confidence interval, 3% lower to 138% higher) than that in the paired iliac crest samples (p = 0.05).
A breakdown of superficial and deep vertebral aspirates revealed a median unadjusted connective-tissue progenitor cell concentration of 237 connective-tissue progenitor cells/cc bone marrow (interquartile range, ninety-two to 517 connectivetissue progenitor cells/cc bone marrow) in superficial aspirates, 260 connective-tissue progenitor cells/cc bone marrow (interquartile range, 114 to 567 connective-tissue progenitor cells/cc bone marrow) in deep vertebral aspirates, and 181 connective-tissue progenitor cells/cc bone marrow (interquartile range, seventy to 401 connective-tissue progenitor cells/cc bone marrow) in iliac crest aspirates. While these differences were not significant, vertebral aspirates were clearly not worse than iliac crest aspirates.
In only one patient was the concentration of connective-tissue progenitor cells in the iliac crest aspirates significantly higher than that in the vertebral aspirates, and in that patient both the iliac crest and vertebral values exceeded the iliac crest values for eighteen of the twenty-one patients (Fig.  5) . One other patient demonstrated a severe deficit in connective-tissue progenitor cells within the iliac crest marrow while showing average nucleated cell volumes in the spine and pelvis and low-normal connective-tissue progenitor cell concentrations in vertebral marrow. 
Discussion
he present study demonstrates that bone marrow that is aspirated from the vertebral body during pedicle screw preparation is comparable with that aspirated from the iliac crest with respect to providing osteogenic progenitor cells in sufficient concentration for use in graft augmentation. The present study also describes a harvesting technique that is useful during any spinal instrumentation procedure.
There are variations in the prevalence of connectivetissue progenitor cells from region to region within the pelvis, and variation should be expected from level to level within the spine. Other bones with hematopoietic marrow (such as the femur and the tibia) consistently have lower concentrations of connective-tissue progenitor cells relative to the pelvis. Vertebral marrow characteristics have not been well quantified, and vertebral autologous bone has not previously been considered to be a routine source of bone graft material. Even if this marrow reservoir were found to be a rich source of connectivetissue progenitor cells, it is only accessible to surgeons during rather specific surgical procedures, limiting its usefulness during most skeletal procedures. However, the operations that naturally provide access to the vertebral reservoir-spinal instrumentation using pedicle screws-depend on fusion for clinical success, so transpedicular or vertebral body aspiration likely will be of great clinical interest to spine surgeons. Removal of the marrow progenitor cells does not appear to compromise the mechanical integrity of the vertebral body and can be accomplished without incrementally increasing surgical risk. In fact, since entry into the vertebral pedicle can be accomplished without disruption of the facet joint or the articular tissues, it would be reasonable to use this point of access to harvest marrow cells for uninstrumented fusions as well.
One important technical point must be noted: As the aspiration tract serves as the pilot hole for pedicle screw fixation, the needle cannot be fanned out through the vertebral bone as is the practice during iliac crest aspiration. This limits access to a discrete cylinder of marrow bone coaxial with the pedicle and may limit utility to some degree.
We found a suitable, and often superior, source of nucleated cells in the vertebrae sampled in this patient group. Despite the wide range of ages and clinical histories, vertebral aspirates were consistently comparable with paired iliac crest samples, and most were higher in terms of both cell volume and the prevalence of connective-tissue progenitor cells. The interindividual variation in the number of marrow cells and prevalence of connective-tissue progenitor cells was consistent with the findings reported in previous studies 5, 6 and was reflected in aspirates from both anatomical regions. Previous studies have shown that there are large variations in the prevalence of iliac crest marrow progenitor cells from site to site in the same individual but that 70% of the observed variability in the prevalence of connective-tissue progenitor cells is accounted for by interindividual variation. The current study reflected those same observations, although vertebral aspirates did not demonstrate the paucity of cells seen at the lower end of the range seen in iliac crest aspirates.
One patient in the present study had iliac crest aspirates that were far below the norm, compared both with the other members of the cohort and with the established ranges from previous studies 6, 7 . All eight iliac crest aspirates provided similar values, and it was concluded that the values were genuine. The vertebral aspirates from this patient demonstrated normal cell numbers and normal concentrations of connective-tissue progenitor cells, suggesting a regional disturbance to marrow health within the pelvis. In the case of this patient, the vertebral marrow would have provided a considerably better aspirate for graft augmentation than the iliac crest would have provided.
While autograft provides all of the elements needed to promote a successful fusion-osseous matrix, osteoinductive peptides, and osteoprogenitor cells-it is not always available in volume, and its harvest may result in considerable morbidity. There are also circumstances in which the harvest of adequate graft is not possible. When patients require long and extensive arthrodeses or revision surgery after previous graft harvest [16] [17] [18] [19] , have paralytic deformities that require fixation into the pelvic wings 20, 21 , or have had irradiation of the pelvis, there may not be an adequate volume of iliac crest bone to complete the fusion alone. Even when autograft material is available, extensive corticocancellous graft harvests are painful and debilitating and predispose the patient to serious complications.
If the surgeon wishes to limit graft site pain and complications altogether, yet gain the physiological advantages of autologous bone-grafting, then marrow aspiration becomes an attractive alternative to traditional graft harvest techniques. Compared with traditional iliac crest graft harvest techniques, both aspiration methods reduce operative time and morbidity. While aspiration of the iliac crest takes only a few minutes, aspiration of the pedicle adds no more time to the procedure because the pedicle will be sounded and a pilot hole will be created for the placement of each pedicle screw anyway.
In conclusion, a population of autologous osteoblast progenitors resides within the portion of the vertebral body that is routinely entered for pedicle screw placement. The biologic activity and prevalence of the connective-tissue progenitor cells within this site are comparable with those of cells from the iliac crest. This alternative marrow source may further reduce the time and morbidity associated with iliac crest harvest. Future clinical studies will attempt to confirm the ability to obtain fusion using only this source of connectivetissue progenitor cells. In support of their research or preparation of this manuscript, one or more of the authors received grants or outside funding from National Institutes of Health AR42997, OREF. In addition, one or more of the authors received payments or other benefits or a commitment or agreement to provide such benefits from a commercial entity (DePuy Spine, Inc.).
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